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Supplementary Fig. 1. Properties and dispersion relation of ULF waves. The data was 

detected by MMS. a-f, Wave polarization analysis showing magnetic field (a), power spectral 

density of the magnetic field (b), ellipticity (c), wave normal angle (d), degree of polarization 

(e) and planarity (f). The black and white curves in panels b-f represent proton gyrofrequency 

(𝑓𝑐𝑝 ) and ionized helium (𝐻𝑒+ ) gyrofrequency (𝑓𝑐𝐻𝑒 ), respectively. g, Observed dispersion 

relation showing wave power versus frequency and wave number. The black line in panel g 

denote the average wave speed 𝑣 3350 kmss. The wave dispersion relation can be resolved 

using the cross power spectral between the magnetic or electric fields measured by four 

spacecraft. The phase difference ∆𝜓  between the detected waves by any spacecraft pair is 

determined by ∆𝜓 = arctan(
𝐼𝑚(〈𝑊𝛼(𝑓,𝑡)𝑊𝛽

∗(𝑓,𝑡)〉)

𝑅𝑒(〈𝑊𝛼(𝑓,𝑡)𝑊𝛽
∗(𝑓,𝑡)〉)

) , where 𝑊𝛼  and 𝑊𝛽  are the wavelet 

transforms of detected fields by any spacecraft pair. The corresponding wave vector for a 

specific frequency can be then determined by incorporating the inter-spacecraft separation.  


